Introduction
Listeners map the acoustic signal to speech sound representations despite wide variability in their acoustic instantiation. Lexical information is one factor that facilitates this mapping process. Local lexical context can be used to resolve ambiguity such that a phonetic token that is ambiguous between /g/ and /k/ will be perceived as /g/ in the context of the frame /Ift/ but /k/ in the context of the frame /Is/ (e.g., Ganong, 1980) . Strikingly, lexical influences on speech sound categorization are not limited to online processing; rather, lexical influences lead to long-term perceptual learning for speech sounds (e.g., Norris et al., 2003) . Kraljic and Samuel (2005) exposed listeners to an ambiguous phoneme midway between /s/ and /S/ during a lexical decision task. For some listeners, the ambiguous phoneme replaced medial /s/ in words like dinosaur; for others, the same ambiguous phoneme replaced medial /S/ in words like publisher. Following exposure, all listeners categorized items along an /ASi/-/Asi/ continuum. The results showed that listeners who were biased to perceive the ambiguity as /s/ showed more /Asi/ responses compared to listeners who were biased to perceive the ambiguity as /S/, suggesting that the ambiguous sound was incorporated into the category consistent with prior lexical context. Many studies have examined the outcome of this type of perceptual learning and have found that learning is long-lasting (Kraljic and Samuel, 2005; Eisner and McQueen, 2006) , is sometimes talker-specific (Eisner and McQueen, 2005; Kraljic and Samuel, 2005; Kralic and Samuel, 2007) , and generalizes to novel utterances (Kraljic and Samuel, 2006) .
Lexically informed perceptual learning has been measured primarily in terms of changes to phonetic category membership. However, it has long been known that speech sound categories have a graded internal structure, with some members of the category represented as better exemplars than others. Even though many tokens may be considered part of the same phonetic category, some may be weighted as more prototypical than others as reflected by ratings in a goodness judgment task (Miller, 1994) or by reaction times in identification tasks (Samuel and Kat, 1996) . Moreover, internal category structure is functionally plastic; which members are considered most prototypical robustly shifts as a function of many factors including speaking rate (Volaitis and Miller, 1992) , place of articulation (Volaitis and Miller, 1992) , and a talker's idiolect (Theodore et al., 2015) . Importantly, internal category structure shifts do not necessarily parallel changes in category boundary; although lexical status expands the range of acoustic-phonetic space that is mapped to a phonetic category (e.g., Ganong, 1980) , it does not result in a concomitant change in perceived category goodness (Allen and Miller, 2001) . Of critical interest is why some factors induce changes in category goodness while others do not. One explanation hinges on the observation that lexical status does not de facto lead to contextual variation in speech production, whereas factors such as speaking rate and talker idiolect do (e.g., Volaitis and Miller, 1992; cf. BaeseBerk and Goldrick, 2009 ). This production-based account makes the prediction that in situations where lexical status is linked to systematic changes to the speech signal-as in the case of lexically informed perceptual learning for speech-listeners will show sensitivity to this contextual influence with respect to both the category boundary and internal category structure. In the context of previous research, the novelty of the present study is to examine outcomes of lexically informed perceptual learning in terms of structure within a phonetic category in addition to boundary regions between phonetic categories.
Two experiments were conducted. In each, two groups of listeners completed a lexical decision exposure task; during this exposure, one group was biased to perceive an ambiguous fricative as /S/ and the other group was biased to perceive the same ambiguity as /s/. After exposure, both groups completed a category goodness test to assess changes to internal category structure (/S/ in experiment 1 and /s/ in experiment 2) and a category identification test to assess changes to the /S/-/s/ boundary. If lexically informed perceptual learning promotes a comprehensive reorganization of phonetic category structure, then both the identification responses and goodness judgments will reflect previous lexical exposure. A failure to observe changes to internal category structure would suggest that the representational influence of this learning mechanism is constrained to the boundary region.
Experiment 1

Methods
Participants included twenty-four listeners between the ages of 18 and 31 years (M ¼ 21.2, SD ¼ 3.58). All were monolingual speakers of American English, reported no history of language or hearing disorders, and passed a pure tone hearing screen (administered at 20 dB for octave frequencies between 500 and 4000 Hz). Participants were randomly assigned to either the /S/-biasing condition (n ¼ 12) or the /s/-biasing condition (n ¼ 12).
The stimulus set is the same as that used in Myers and Mesite (2014) , to which the reader is referred for a complete description of the methods for stimulus construction. In brief, the exposure stimuli consisted of 100 auditory words and 100 auditory nonwords produced by a native female speaker of American English. The 100 auditory words were divided into three classes: 20 /s/ words (e.g., pencil), 20 /S/ words (e.g., ambition), and 60 filler words that contained no instance of an /s/ or /S/ (e.g., napkin). Two versions of the /s/ and /S/ items were used-one that was the natural production and one that was modified to replace the fricative in the natural production with an ambiguous fricative. Ambiguous tokens were created by averaging amplitudenormalized fricative segments drawn from the same phonological environment (e.g., pencil and penshil), normalizing duration to the shorter of the two fricatives, and then re-inserting the ambiguous fricative into the /s/-consistent frame (e.g., pencil). The exposure stimuli were arranged into two sets, one for the /S/-biasing group (20 natural /s/ words, 20 modified /S/ words) and one for the /s/-biasing group (20 modified /s/ words, the 20 natural /S/ words). Stimulus sets for both groups were completed with 60 filler words and 100 nonwords, for a total of 200 items in each set. The test stimuli consisted of a six-step continuum ranging from a clear /ASi/ token to a clear /Asi/ token spoken by the talker used for the training stimuli. The test continuum was created following the methods outlined for the ambiguous training stimuli. Waveform averaging was used to create six unique fricative blends; in terms of percent /s/ energy, these blends were 30%, 40%, 50%, 60%, 70%, and 80%. These six test tokens were used for both training groups in both the goodness judgment and category identification test tasks.
All participants completed an exposure phase followed by two test phases, a goodness judgment task to assess changes to the internal category structure and an identification test to assess changes to the category boundary. Order of the test tasks was fixed, with the goodness judgment task preceding the identification task. Testing took place individually in a sound-attenuated booth. Stimuli were presented via headphones at a comfortable listening level that was constant across participants. Responses were made using a button box. Button assignments to YES/NO responses (during exposure) and the ASI/ASHI responses (during the identification task) were counterbalanced for dominant hand.
During exposure, participants heard one randomization of the 200 word and nonword items appropriate for their biasing group and indicated whether each item was a word. For the goodness judgment task, six randomizations of the six test stimuli were presented and participants were directed to listen to the middle sound and rate how good of an exemplar that sound was as a member of the /S/ category. Responses were made using a 1-7 Likert scale, with 7 indicating the best exemplar of the /S/ category. Participants were encouraged to use the full range of the scale. For the category identification test, participants heard six randomizations of the six steps of the test continuum and identified each token as either /Asi/ or /ASi/. No feedback was provided either during exposure or during the two test tasks, and ISI was constant at 2000 ms (timed from the participant's response). The procedure lasted approximately 30 min.
Results
Performance during training was measured in terms of percent correct lexical decision responses and was calculated separately for each training group and for each item type. As shown in Table 1 , performance for both groups was near ceiling across the four item types, as expected based on previous research (e.g., Norris et al., 2003) .
Test performance was measured separately for the identification and goodness rating test tasks. Consider first the identification task. For each participant, mean percent /s/ responses were calculated for each step of the test continuum. Figure 1(b) shows mean /s/ responses for the two training groups. As expected, the categorization functions are displaced; listeners who were biased to perceive the ambiguous fricative as /s/ show more /s/ responses compared to listeners who were biased to perceive the ambiguity as /S/. Mean percent /s/ responses was submitted to analysis of variance (ANOVA) with the between-subjects factor of training bias and the within-subjects factor of continuum step. The results showed a main effect of continuum step (F 5,110 ¼ 98.430, p < 0.001, g p 2 ¼ 0.817), reflecting more /s/ responses for both groups of listeners towards the /s/ end of the test continuum compared to the /S/ end of the continuum. Critically, the ANOVA confirmed a main effect of training bias (F 1,22 ¼ 6.229, p ¼ 0.021, g p 2 ¼ 0.221), indicating that there were more /s/ responses in the /s/-biasing group compared to the /S/-biasing group. The ANOVA also revealed an interaction between continuum step and training bias (F 5,110 ¼ 2.755, p ¼ 0.022, g p 2 ¼ 0.111), indicating that the magnitude of the learning effect differed along the test continuum.
For the goodness rating task, we calculated mean goodness as /S/ for each step of the continuum; mean performance between the two biasing groups in shown in Fig.  1(a) . Visual inspection suggests that exposure during training did indeed influence perceived prototypicality within the /S/ category; listeners in the /S/-biasing condition rated the test tokens as better exemplars compared to listeners in the /s/-biasing condition, particularly for the continuum steps near the /ASi/ endpoint. Mean goodness ratings were submitted to ANOVA with the factors of training bias and continuum step. The ANOVA revealed a main effect of continuum step (F 5,110 ¼ 46.427, p < 0.001, g p 2 ¼ 0.678), indicating that goodness ratings decreased towards the /s/ end of the test continuum for both training groups. The ANOVA showed no main effect of training bias (F 1,22 ¼ 2.706, p ¼ 0.114, g p 2 ¼ 0.110), but did reveal a significant interaction between training bias and continuum step (F 5,110 ¼ 2.568, p ¼ 0.031, g p 2 ¼ 0.105). Though ANOVA is robust to normality assumptions, we used the Mann-Whitney test to confirm that group differences in Likert ratings were also observed when using nonparametric statistics at the 30%, 40%, and 50% /s/ steps (U < 37, p < 0.05 in all cases).
Collectively, the results from experiment 1 indicate that the lexical information provided during the exposure phase resulted in comprehensive perceptual learning; learning was reflected not only with a change in the mapping of acoustic variants to the /S/ and /s/ categories, in line with previous studies (i.e., Myers and Mesite, 2014) , but also by a reorganization of exemplar space within the /S/ category.
Experiment 2
Methods
Twenty-four additional listeners were recruited for experiment 2. All participants met the demographic criteria outlined above and were between the ages of 18 and 30 years (M ¼ 20.5, SD ¼ 2.75). Half were assigned to the /S/-biasing condition and the other half were assigned to the /s/-biasing condition. The stimuli and procedures described in experiment 1 were used here with one exception; during the goodness judgment task, participants were directed to rate the middle sound in each test token for goodness as a member of the /s/ category.
Results
Performance during training and test was measured as outlined for experiment 1. As shown in Table 1 , both groups showed near ceiling performance during training for all item types. Inspection of Fig. 1(d) suggests that exposure during the training phase did indeed yield perceptual learning such that in the identification test, more tokens were identified as /s/ for listeners in the /s/-biasing group compared to the /S/-biasing group.
However, it appears that learning was limited to changes in the category boundary; no systematic differences between the two training groups are seen for the goodness judgments in Fig. 1(c) . Mean percent /s/ responses and mean goodness as /s/ ratings were analyzed in separate ANOVAs. For the identification responses, the ANOVA showed a main effect of continuum step (F 5,110 ¼ 64.029, p < 0.001, g p 2 ¼ 0.744), a main effect of training bias (F 1,22 ¼ 7.350, p ¼ 0.013, g p 2 ¼ 0.250), and a significant interaction between continuum step and training bias (F 5,110 ¼ 3.729, p ¼ 0.004, g p 2 ¼ 0.145). For the goodness judgment responses, we again observed a main effect of continuum step (F 5,110 ¼ 55.382, p < 0.001, g p 2 ¼ 0.716), indicating that goodness ratings increased as the continuum became more /s/-like. However, the ANOVA showed no main effect of training bias (F 1,22 ¼ 1.422, p ¼ 0.246, g p 2 ¼ 0.061) nor an interaction between training bias and continuum step (F 5,110 ¼ 1.330, p ¼ 0.257, g p 2 ¼ 0.057), indicating that mean goodness as /s/ judgments did not differ between the two training groups. When taken together, the results from the identification and goodness rating tasks suggest that perceptual learning for the /s/ category was constrained compared to the /S/ category examined in experiment 1; specifically, exposure during training led to a robust change in the mapping to the /S/ and /s/ categories, but there was no evidence that learning resulted in a concomitant change to the internal category structure of the /s/ category.
Discussion
Here we examined whether lexically informed perceptual learning leads to changes to the internal structure of native speech sound categories or whether learning was limited to the category boundary region. Robust changes to the boundary between /s/ and /S/ were observed in both experiments; however, we only observed a change to internal category structure for the /S/ category. We consider three explanations for this difference, noting that the current sample size may be a potential limitation. One explanation is that coarticulatory cues influenced the goodness as /s/ judgments to a greater degree than did perceptual learning. Recall that the test stimuli were created by placing the modified fricatives into the /s/-frame; thus, the coarticulatory information of the test continuum was consistent with a medial /s/, which may have led to equivalent goodness as /s/ judgments for both biasing groups, consistent with findings demonstrating that this type of learning mechanism can be constrained by coarticulatory cues (Stevens et al., 2007) . Another explanation concerns the possibility of asymmetrical learning effects. In the current study, perceptual learning is measured by comparing performance between the two biasing groups following exposure; however, an alternative is to consider the performance of each biasing group compared to a no-exposure baseline condition. Previous examinations using this latter approach have found evidence of asymmetric learning such that one exposure condition differs from a noexposure baseline but the other does not (e.g., Zhang and Samuel, 2014) . The differential influences of learning on the categories examined here would be expected if the current stimulus set promotes recalibration for /S/ but not /s/. We also considered a third explanation, that being differences in the precise acoustic input presented during the exposure phase. Consistency in speech production influences listeners' ability to categorize speech sounds (e.g., Newman et al., 2001) . Listeners show less stable identification responses for talkers with highly variable productions compared to talkers who are more consistent and who have minimal category overlap in their productions (Newman et al., 2001; Clayards et al., 2008) . Given the methods used to create the current stimulus set, it may have been the case that the distributional information presented for the /s/ and /S/ categories between the two training groups differed in ways that influenced perceptual learning.
We examined this possibility through acoustic analyses on the fricatives from the critical training items using a script to extract center of gravity (Elvira-Garcia, 2015) , which provides a weighted average of spectral energy in each fricative and systematically differs between the /s/ and /S/ categories (Jongman et al., 2000) . Figure 2(a) shows histograms for the /s/ and /S/ distributions presented during the /s/-biasing (top panel) and /S/-biasing (bottom panel) exposure phase. The center of gravity for the six test tokens is plotted in black at the top of each histogram. In the /S/-biasing condition, productions for /S/ and /s/ fall into two distinct distributions that are far apart in acoustic-phonetic space and collectively span the range of frequency present in the test tokens. However, for the /s/-biasing condition, the two distributions are relatively closer together, show more overlap, and are clustered near the /ASi/ end of the test continuum. Figure 2(b) shows the same distributions, but plotted with respect to the difference between the natural (i.e., unambiguous) productions and the modified versions that were used during the learning phase. That is, Fig. 2(a) shows the distributions as provided as input to each training group, but Fig. 2(b) shows the distributions with respect to how deviant the modified (i.e., ambiguous) tokens were relative to natural productions. When compared to the /s/ tokens, the difference between the natural and modified /S/ tokens is quite slight, suggesting that the ambiguous tokens presented during training to the /S/-biasing group were a priori better exemplars. This is in stark contrast to the modified /s/ tokens, which show values closer to those typical of the unmodified /S/ category. Collectively, these analyses show that compared to the /S/-biasing group, the stimuli presented to the /s/-biasing group contained distributions with increased category overlap and poorer exemplars of /s/, either of which may have attenuated listeners' ability to incorporate the modified tokens as good exemplars of the /s/ category. Additional examination is needed to experimentally confirm this account.
The current experiments demonstrate that lexically guided perceptual tuning can lead to a comprehensive restructuring of phonetic category space, including changes to perceived category typicality, but point to potential constraints on the degree to which internal category structure is modified. Namely, these findings suggest that reorganization of internal phonetic category space is limited by the available information in the bottom-up signal-that is, the degree to which distributions of acoustic tokens are separable (McMurray et al., 2009 ). Future work is directed at examining how, and with what weight, bottom-up acoustic information and top-down lexical information combine to influence perceptual learning for speech. Such an approach has potential to provide an explanation for previously reported asymmetries in the perceptual learning literature (e.g., Zhang and Samuel, 2014; Eisner and McQueen, 2005) and will advance a theoretical understanding of how listeners adapt to systematic variation in the speech signal while maintaining representational stability for spoken language processing. 
